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Anthropogenic disturbances have led to the degradation of coral reef systems globally,
calling for proactive and progressive local strategies to manage individual ecosystems.
Although restoration strategies such as assisted evolution have recently been proposed
to enhance the performance of coral reef populations in response to current and future
stressors, scalability of these concepts and implementation in habitat or ecosystem-
wide management remains a major limitation for logistical and financial reasons. We
propose to implement these restoration efforts into an ecotourism approach that
embeds land-based coral gardening efforts as architectural landscape elements to
enhance and beautify coastal development sites, providing additional value and rationale
for ecotourism stakeholders to invest. Our approach extends and complements
existing concepts integrating coral reef restoration in ecotourism projects by creating a
participatory platform that can be experienced by the public, while effectively integrating
numerous restoration techniques, and providing opportunities for long-term restoration
and monitoring studies. In this context, we discuss options for pre-selection of corals
and systematic, large-scale monitoring of coral genotype performance targeting higher
resilience to future stressors. To reduce operating costs during out-planting, we suggest
to create coral seeding hubs, clusters of closely transplanted conspecifics, to quickly
and efficiently restore/enhance active reproduction. We discuss our land-based coral
gardening approach in the context of positive impacts beyond reef restoration. By
restoring and strengthening resilience of local populations, we believe this strategy will
contribute to a net positive conservation impact, create a culture on restoration and
enhance and secure blue economical investments that rely on healthy marine systems.

Keywords: coral restoration, blue economy, adaptive coral gardening, coral seeding hubs, ecotourism

INTRODUCTION

Coral reef systems have undergone severe global degradation and loss during the
past decades (Wilkinson, 2004; De’ath et al., 2012; Hughes et al., 2017). They are
predicted to experience a further loss of up to 99% of remaining reefs under moderate
climate predictions (Bindoff et al., 2019). The development of new strategies for coral
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reef management have become a conservation imperative to
secure the vital ecological and economical services they provide
for the livelihoods of hundreds of millions of people (Moberg
and Folke, 1999). The increasing frequency and severity of coral
bleaching events (Hughes et al., 2003, 2017; Heron et al., 2016)
has forced scientists to consider more radical interventions to
mitigate the impacts of global warming and other cumulative
anthropogenic stressors (van Oppen et al., 2015; Anthony
et al., 2017; Damjanovic et al., 2017; van Oppen et al., 2017;
National Academies of Sciences, Engineering, and Medicine,
2019). Although strategies such as assisted gene flow (Palumbi
et al., 2014; Dixon et al., 2015) and selective breeding (van Oppen
et al., 2015) target climate resilience, the biggest challenge of
these efforts to date remains the identification of economically
viable approaches to implement and scale-up restoration efforts
to achieve a zero-net loss or, ideally, an increase in coral reef area
(Duarte et al., 2020).

Coral reef restoration costs are amongst the highest for marine
coastal habitat restoration efforts (Bayraktarov et al., 2016).
Estimates based on scientific literature vary substantially with a
median cost of 404,147 $US ha−1 (at base year 2010; Bayraktarov
et al., 2019). However, these estimates have limitations as little
data exists on the costs of non-scientific programs. These high
costs, resulting from high labor intensity associated with coral
restoration, limit the scale at which it is conducted, with a
current median size of only 100 m2 (based on scientific literature;
Bayraktarov et al., 2019) to 500 m2 per project (including
both scientific and gray literature; Boström-Einarsson et al.,
2018). Additionally, current projects seem to lack proportionate
cost savings when production is increased (Bayraktarov et al.,
2016). One of the biggest criticisms of coral restoration is the
lack of meaningful scalability. While the expense may be high,
reported survival rates of restoration efforts are considerable
(64.5%; Bayraktarov et al., 2019). However, limitations of these
estimations are the short observational period of most studies
(median duration of 12 months) and lack of sustained monitoring
to evaluate long-term success (Boström-Einarsson et al., 2020).
Further, these estimates may be biased as failure in restoration is
often not reported (Hobbs, 2009).

Motivations for coral restoration are diverse, ranging
from biodiversity enhancement, social outcomes, scientific
projects, to projects restoring or maintaining ecosystem
services for fisheries, tourism, coastal protection among others
(Bayraktarov et al., 2020). While ecological outcomes are
often reported, reports on economic and social outcomes are
often neglected (Bayraktarov et al., 2019). Aside from the
ecological impacts at local scales, most coral reef restoration
operators emphasize education and public awareness as a main
benefit (Young et al., 2012; Hein et al., 2019). Involvement
of the public in restoration through citizen-science projects
reduces costs and adds socio-economic benefits, such as
creating employment and generating stewardship for local coral
habitats (dela Cruz et al., 2014; Lirman and Schopmeyer, 2016;
Hein et al., 2018).

We advocate for an approach that builds upon the outreach
potential of coral restoration efforts and integrates coral gardens
into ecotourism and coastal development as architectural

and landscape features that are shared and open to public
participation. We believe that the use of land based, ex situ, coral
gardens as landscape elements will be a powerful tool to educate
and raise awareness to a greater audience while contributing to
the scalability of coral reef restoration projects. Implementing
coral garden efforts as an economic driver to attract visitors via
the creation of unique citizen and visitor experiences, will provide
additional values and rationale for hotels and tourism businesses
to invest in coral reef restoration. This, will generate economic
revenues that can be utilized to scale-up and optimize efforts.
Our idea aligns with the goals of the “UN Decade of Ecological
Restoration” (UNEP, 2019) starting in 2021 calling to create a
culture toward ecological restoration.

As increasing ocean warming and marine heatwaves threaten
coral reefs at a global scale (Hughes et al., 2017, 2018, Leggat
et al., 2019), long-term success of coral restoration efforts relies
on the tolerance of local populations for future climate scenarios.
Using landscape embedded coral gardens as a platform, we
discuss a structured approach integrating a systematic assessment
and monitoring to optimize coral gardening efforts and to
build local populations with higher resilience. Restoring and
strengthening resilience will contribute to secure ecological
and blue economical assets, those associated to a sustainable
use of ocean resources which target the improvement of
livelihoods while preserving the health of marine ecosystems
(Spalding, 2016).

CORAL GARDENING

The most common and effective approach to coral reef
restoration is coral gardening (Young et al., 2012). Corals
are grown in an intermediate nursery phase, before being
transplanted for restoration (Rinkevich, 1995). In the initial
phase of the coral gardening, corals are fragmented or
recruited and grown in sheltered sites, before they are
transplanted at reasonable size to natural habitats in the
second phase. Mid-shelf nurseries have been shown to be very
successful in growing a variety of species (Levy et al., 2010;
Rinkevich, 2014).

Land-based coral gardening efforts are less explored and have
been mostly used for sexual reproduction of corals (O’Neil, 2015)
or asexual reproduction via micro-fragmentation (Forsman
et al., 2015). The great advantage of ex situ coral gardening
facilities is the ability to engineer the environment to enhance
growth and survival (Leal et al., 2016), and reduce costs by
avoiding SCUBA diving during the gardening stage. Land-based
coral nurseries have also been suggested to serve as genetic
repositories (Schopmeyer et al., 2012). Providing easy access to
the cultured organisms, they allow detailed monitoring of abiotic
conditions (light and temperature), organism performance, and
quick intervention if problems arise. Additionally, land-based
nurseries allow the co-culturing of beneficial biota that reduce
competing algae (Craggs et al., 2019) and mimic co-existing
partnerships found in situ (within their natural environment),
increasing coral health. To date there is a vast knowledge
base of successful ex situ coral culture practices, within the
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aquaria industry, which can be optimized and possibly scaled-up
(Leal et al., 2016).

INTEGRATION OF ADAPTIVE
MANAGEMENT

Adaptive management refers to strategies, whereby practices
get iteratively better overtime by incorporating and maximizing
opportunities to learn from systematic monitoring (Holling,
1978; Hicks et al., 2009). With respect to adaptive coral
gardening, examining stress resilience of the donor colonies
and growth, survival, reproductive activity, etc., of propagated
individuals can provide a feedback loop to inform and guide
better selection of stocks. This strengthens populations on a
site by site basis (Figure 1). Applying adaptive management
strategies may ultimately help to reduce costs in the long term
and make restoration efforts economically more viable. Using
this strategy, restoration projects may accumulate vast datasets
over time that allow informed and optimized restoration efforts
and guide the development of innovative new approaches
and technologies. This approach allows unprecedented,
large-scale experimentation to advance knowledge on the
drivers of resilience.

Ideally, restoration projects should record and characterize
the original habitat and genotype of each donor/paternal colony
(Johnson et al., 2011). Baums et al. (2019) showed that modern
sequencing techniques provide a vast array of genotyping
technologies, allowing to examine a wide spectrum of genotypic
characteristics that may improve restoration efforts, such as
symbiont association or genetic traits associated with phenotypic
performance. Considering hidden species diversity is often found
in corals (Schmidt-Roach et al., 2012), these technologies can
also provide taxonomical confirmation, guarantying fertilization
compatibility during sexual propagation.

The creation of detailed records is vital to carefully track the
performance of transplantation efforts (IUCN, 2002; Boström-
Einarsson et al., 2018). Records for each individual coral ramet
transplanted should be cataloged and examined. We suggest
employing Radio-frequency identification (RFID) transponders
that can be attached/cemented into the base of ramets/juveniles.
RFID transponders have been shown to be functional underwater
(Benelli et al., 2009) and could provide an innovative and cheap
way to track individuals during gardening efforts and after
transplantation. Furthermore, conventional plastic/metal tags are
esthetically not very appealing, add pollution and can also be
hard to recover.

Although an increasing number of projects include sexual
propagation (Horoszowski-Fridman et al., 2011; Linden and
Rinkevich, 2011; Guest et al., 2014; Omori and Iwao, 2014; dela
Cruz and Harrison, 2017; Linden and Rinkevich, 2017; Calle-
Trivino et al., 2018), most coral restoration projects still rely on
asexual reproduction (fragmentation) due to a lack of feasibility
and scalability (Young et al., 2012). Careful consideration is
required when choosing genotypes for restoration efforts to
maintain genotypic diversity and avoid genotypic depletion by

inbreeding (Baums, 2008). In this context, finding strategies for
reliable tagging is vital in order to identify individual genotypes.

ENHANCING STRESS RESILIENCE AND
REPRODUCTIVE ACTIVITY

Selective reproduction/breeding has been suggested as a
mechanism to build resilience toward climatic stressors (van
Oppen et al., 2015; van Oppen et al., 2017). Selection of
resilient genotypes could improve restoration efficiency, reduce
costs and, ensure that restored populations do not meet the
same fate as their predecessors. Although recommended
in restoration guidelines (e.g., Baums et al., 2019; Coral
Restoration Consortium, 2020), few projects report pre-
selecting genotypes via an assessment of stress resilience before
conducting nursery efforts (e.g., Morikawa and Palumbi, 2019;
Fundemar and Iberostar case studies in Bayraktarov et al.,
2020). Restoration efforts show genotypic driven phenotypic
divergence in survivorship and response to thermal stress
(Drury et al., 2017; Ladd et al., 2017), yet our understanding of
which traits may assure resilience to future climate conditions
remains rudimentary.

Strategies need to be identified that allow high-throughput and
reliable phenotypic assessments to identify resilient genotypes.
The spectrum of approaches used to identify suitable genotypes
ranges from stress assessments (e.g., Morikawa and Palumbi,
2019), valuations of the genotypic performance based on habitat
origin (Drury et al., 2017) or past bleaching/disease susceptibility,
to genetic tools (Baums, 2008; Figure 1). Global warming is
likely the most severe future stressor for coral populations
(Hughes et al., 2017). A large amount of literature has focused
on understanding the drivers of thermal tolerance (see Cziesielski
et al., 2019). Thus, selection approaches should consider multi-
stressor resilience, as bleaching responses may be coupled with
other stressors (DeCarlo and Harrison, 2019).

Based on the current knowledge limitations, Baums et al.
(2019) proposed to target the increase of genetic diversity in
restoration efforts in order to maximize levels of standing genetic
variation that may counteract future stressors. Incorporating
sexual reproduction into restoration could have the biggest
benefit, but is currently still limited due to feasibility at larger
scales and high costs (Guest et al., 2014; Randall et al., 2020).
New strategies have recently been proposed to enhance sexual
propagation in restoration using seeding tiles that can be out
planted with low efforts and cost (Chamberland et al., 2017).
Although these techniques seem successful, they are limited to
species that easily settle on artificial substrates. For coral species
with larvae not easily settled ex situ, techniques such as direct
seeding of depleted reefs with relocated larvae harvested ex situ
(dela Cruz and Harrison, 2017) or wild-caught from coral larvae
slicks (Doropoulos et al., 2019) may be applicable.

Most coral restorations approaches are very expensive as
they try to recreate natural habitats often transplanting vast
numbers of corals. In contrast to large scale transplantation, we
suggest to revive/strengthen populations by restoring/enhancing
reproductive activity using corals nurtured in land-based coral
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FIGURE 1 | Adaptive coral gardening with pre-selected genotypes to increase resilience.

gardens. Coral seeding hubs (CSH), aggregations of conspecific
corals transplanted within proximate distances to one another,
may be a cheap and effective measure for coral restoration.

Sperm seems to be the limiting factor in the sea, with decreasing
sperm concentration over distance due to dilution resulting in
lower fertilization rates (Levitan, 1993; Levitan and Petersen,
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1995). Consequently, the number of conspecifics in a reef
may be insufficient to guarantee successful reproduction after
catastrophic events. Concentrating the number of reproductive
conspecifics within the CSH could dramatically increase
fertilization rates and reproductive success.

Shearer et al. (2009) estimated that ten randomly selected
donor colonies could be sufficient to retain 50% of the
original allelic diversity, while 35 colonies could provide 90%.
Thus, a few closely transplanted genotypes may be sufficient
to recover relatively high genetic diversity and contribute to
standing genetic diversity. Corals seem to predominantly recruit
locally (Miller and Mundy, 2003; Miller and Ayre, 2008) and,
transplantation has been shown to increase recruitment (Maya
et al., 2016). CSHs may be a powerful and cost-effective strategy to
recover the reproductive potential within populations. Strategic
placement, considering local current regimes, may lead to self-
sustaining populations which can be quickly applied across
different taxa. CSHs can be established for a diversity of taxa,
supplied by the land-based gardens and linked via citizen
science programs.

Informed selection of genotypes placed in the CSHs may
increase the standing genetic diversity of local populations
ultimately building up resilience. The advantage of this
strategy over conventional restoration via direct large-scale

transplantation is that the likelihood of sexual propagation is
maximized and allows for natural selection to act on the offspring
generated in the CSHs. Consequently, the genotypic architecture
of a reef may be less altered than by conventional strategies.

LAND-BASED CORAL GARDENS AS
BLUE ECONOMICAL ASSETS

Ex situ based coral gardening efforts are predominantly
concentrated within research or industrial settings in land-
based facilities. Commercial efforts cater toward the aquarium
industry (private and public), explore restoration as a business
(e.g., CoralVita), or seek to engage guests in hotels (Hein et al.,
2018). Although some operators facilitate partial public access,
few systems are specifically built to cater to a greater audience
including non-swimmers or non-divers. However, operators are
starting to explore this avenue, as for example the Wave of
Change project of the Iberostar Group in Bayahibe, Dominican
Republic, which creates an ex situ, land-based, nursery that caters
to both, research as well as educational purposes (Bayraktarov
et al., 2020). Nevertheless, the outreach, entertainment and
educative value to a greater public audience of coastal land-based
coral gardens remains vastly unexplored. Arguably public aquaria

FIGURE 2 | Land-based coral nurseries as an entity to serve toward blue economic growths as well as conservation.
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cater toward this purpose, but their main role in coral
conservation besides education has been to serve as
repositories (Petersen et al., 2008) rather than to participate in
active restoration.

In preparation for the UN Decade on Ecosystem Restoration
aiming at enhancing the role of restoration as a path to
rebuild blue natural capital (Duarte et al., 2020; Waltham et al.,
2020), we propose to embed coral gardening efforts within
coastal ecotourism and developmental projects at large scale
(Figure 2). Powered by renewable energies, we envisage extended
land-based coral garden nurseries with flow through seawater
cascading through public spaces, essentially replacing flowerbeds
with the ornamental values of reef organisms. In addition to
beautification, this will directly expose citizens and visitors to
the marine environment, thereby serving as a tool to create
stewardship and awareness. The global tourism revenue of coral
reefs is estimated at approximately $36 billion annually (Spalding
et al., 2016, 2017), reflecting a large public interest for these
unique ecosystems and a great economic potential if a larger
audience of non-swimmers and non-divers could be engaged.
Creating land-based coral gardens as a participatory platforms
that can be experienced by the public, may be a tool to further
explore the economic potential of coral reefs and generate
economic profits for these areas (e.g., hotels, resorts, golf courses,
and public parks) that host these unique elements. Resulting
economic revenues and profits may entice private and corporate
stakeholders to invest in these concepts and by default assist to
scale-up and advance restoration efforts to achieve meaningful
ecological outcomes. Adding to blue urbanism, practices of
creating a mutually sustainable relationship between coastal
populations and the marine environment (Beatley, 2014), this
approach may ultimately assist to counteract the degradation
of and species loss in coral reefs often observed due to coastal
urbanization (Poquita-Du et al., 2019).

In addition to socio-ecological benefits (Hein et al., 2018),
restoring and maintaining healthy coral reef ecosystems will also
contribute to preserving the services they provide for coastal
protection and fisheries. Further, by enhancing awareness and
changing the interactions between people and the ecosystem
novel services can emerge (Woodhead et al., 2019). Creation
of an interdisciplinary environment that reaches out to a
variety of experts, from engineers to landscape architects, may
ultimately drive innovation and foster the exploration of novel
services. Consequently, generating coral garden landscaping as
blue economic assets that support in situ restoration efforts
may drive blue economic growth and help achieve net positive
conservation benefits for coral reefs (Figure 2). Land-based coral
nurseries have been suggested as ecological and economically

viable solutions for scalable reef restoration (CoralVita, 2019).
The novelty in our approach is the embedment of these efforts
as landscape elements within ecotourism, developmental and
urban landscapes, ultimately serving a triple mission: educate,
restore, and enhance.

CONCLUSION

A global reduction of greenhouse gas (GHG) emissions would be
the most effective and economically viable long-term strategy to
mitigate climate change effects and protect vulnerable ecosystems
such as coral reefs (Bindoff et al., 2019). Restoration efforts
may have reduced effects in mitigating climate change impacts
globally (Morrison et al., 2020). However, assuming the global
community will comply with the GHG emission pathway, this
will not suffice to either conserve coral reefs or restore their
previous abundance. Hence, relying solely on decarbonization
to counteract the degradation of tropical habitats is unrealistic
(Gordon et al., 2020). Therefore, an action plan involving
reduction of pressures, including climate change, pollution
and overfishing, protection and active restoration provides the
pathway to the best possible future for tropical coral reefs
(Duarte et al., 2020).

Embedding coral gardening into architectural landscapes will
integrate engineers, architects and urban developers, laying the
foundation for an interdisciplinary community of practice that
would be best able to deliver innovative solutions incorporating
bio-printing, material science, architecture and design, as well as
renewable energy and pathways to scalability of these solutions to
coral reef restoration.
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